By introducing explicit solvent particles and hydrodynamic interactions we demonstrate that crumpled globules are formed after the collapse of long polymer chains (N = 10 4 ) in a poor solvent. During the collapse crumples of all sizes form sequentially, but small crumples are not stable and convert to blobs with Gaussian statistics. The observed effective mean squared distance R 2 (n) ∼ n 0.38
By introducing explicit solvent particles and hydrodynamic interactions we demonstrate that crumpled globules are formed after the collapse of long polymer chains (N = 10 4 ) in a poor solvent. During the collapse crumples of all sizes form sequentially, but small crumples are not stable and convert to blobs with Gaussian statistics. The observed effective mean squared distance R 2 (n) ∼ n 0. 38 at n > N e and contact probability index p(n) ∼ n −0.5 at n N e , which is not following either the model of a fractal globule, or the predictions for an equilibrium globule. Polymer chain stiffness pushes the system to form globular crystallite, and this freezes crumpled structure with R 2 (n) ∼ n 0. 33 at n > N e as a stable state. We note that there is some similarity to crumple globule formation and crystallization of polymer melt. 
I. INTRODUCTION
In 1980s, the existence of chromosome territories was discovered and later confirmed by the development of the fluorescence in situ hybridization (FISH) technique. 1 Later in 1988, the first paper proposed crumpled globule structure and its connection to the organization of long biological molecules like DNA. 2 But in recent years this topic has become the subject of great interest because of the genomewide chromosome conformation capture (Hi-C) method 3 and consequent deeper understanding of chromatin organization inside the cell nuclei. In this paper, we will try to stay away from the biologists' results of nuclei organization and will not mimic the complexity of chromatin folding. Instead, we will focus on physics of long polymer chains, namely, their collapse to globule in a poor solvent. A polymer physicist's view of DNA conformation inside the living cell has stayed the same since the prediction of crumpled globule structure was done: [4] [5] [6] double stranded DNA inside the cell nuclei is definitely not in the state of an equilibrium Gaussian globule conformation, which is random walk trajectory in confined geometry, but has to be in a crumpled or fractal globule state, which is more compact at small scale and knot-free.
While the general principles of long polymer chain "crumpling" are more-or-less understandable, there is still no clear observation of crumpled globule formation from single polymer chains in lab experiments or in computer simulations. The only result concerning the fractal globule formation obtained in computer simulations deals with Monte Carlo moves and artificial gravitation-like potential, 5 from homopolymer coil with very short range interactions to crystal-like solid globule was studied, and some analogue of protein folding was discussed. But in all these cases sufficiently short chains were used and no clear crumpled structure or blobs hierarchy was presented. Moreover, in a recent paper by Schram et al., 13 the collapse of a homopolymer of N = 4000 was studied by Monte Carlo simulations and it was stated out that no fractal globule could be formed during the collapse. The conformation of the globule was very close to Gaussian statistics even immediately after the collapse. In addition, the stability of artificially constructed fractal globules was tested, and it was shown that fractal globules diffused very quickly into Gaussian-like globules. It was proposed that this is the feature of fast entanglement-free dynamics.
Several results from lab experiments, starting from Ref. 14 and later in Refs. 15 and 16, report the two-stage collapse of a synthetic single chain in a poor solvent. Unfortunately, the applied experimental technique of light scattering gives information only about objects size and density, which generally does not allow to describe chain conformations in details and to distinguish crumpled globule state. More probably the authors observed the merging of several initially formed pearls into a single globule rather than transformation of the globule after the united core was formed.
In addition to fully flexible chains, the so-called freely joined model, we study the collapse of long semiflexible chains by introducing the tangent hard spheres model. Beginning from the pioneer paper by Grosberg and Khokhlov, 17 several researchers have addressed the question of coil-toglobule transition and globule structure formed by semiflexible polymer chains, see Refs. 10, 18, and 19 as recent examples of simulation. More details can be found in a recent review in Ref. 20 and the links therein. But most studies were focused on relatively short chains and authors inquired mainly in conformational changes like coil-to-torus transition, mimicking observation of torus and other non-trivial formations in a single strand DNA. 20 We consider here the question of coil-to-globule transition of very long semiflexible chains with strong polymer-solvent interactions. Thus, the chain stiffness serves only as a small additional force, not changing the coil-to-globule transition by itself, but with the influence to the condensed globule's behavior. In parallel to the coil-to-globule transition of single macromolecules, several theoretic and simulation papers address the properties of the so-called "melt of rings," mimicking the organizational properties of chromatin matter. 21, 22 There is a significant increase in publications on that topic during this year. [23] [24] [25] This is a well known model of polymer physics without topological limitations 26, 27 and the some physical behavior of such a system is naturally corresponds with experimental data from the research of chromatin structure. 6 Nowadays, the so-called fractal globule model is the dominant model of the organization of chromatin in the nucleus of a human cell. 3 Following Refs. 2 and 5 let us outline the most important properties of the fractal globule model. First of all, fractal globule is indeed a fractal with fractal dimensionality equal to 3. That is, on all length scales the typical spatial distance R between monomers is proportional to the distance along the chain n between them as R ∼ n 1/3 . Second, the probability p for two monomers within the distance n along the chain to be in spatial proximity of each other is in inverse proportion to n: p ∼ 1/n.
In this case, we shall deliberately use the term crumpled and not fractal for our simulated globules, although we recognize that term "fractal globule" is more frequent in the recent literature. The reason is that the term "fractal" supposes a similarity of globule conformation on all length scales, and as mentioned above predicts the straightforward behavior of mean squared distance R 2 (n) and contact probability p(n) at all n values. But our results do not support this picture and we only observe some features of crumpled conformation at large scales. Furthermore, the term "crumpled" looks more relevant from the historical point of view, since it was introduced in the pioneer paper by Grosberg et al. 2 In this work, we are going to show what globular structure can be formed during collapse of a long chain and what are the differences of our crumpled globules from model of the fractal globule.
While initial computer simulations test the formation of the crumpled globule by introducing the collapse into gravitational center, 5 the later work in Ref. 13 does not predict the existence stable crumpled structure during the coil-to-globule transition with pair interactions and implicit solvent. We show that a crumpled globule exists only during the collapse of very long chains in a very poor solvent. In addition, we use the model with explicit solvent particles and correct hydrodynamic interactions (so-called DPD -Dissipative Particle Dynamics). 28 We believe that the usage of explicit solvent and hydrodynamic interactions is very important and a key to find crumpled globule after the collapse. Sommer et al. recently presented the results of the coil-to-globule transition with explicit solvent particles 31 and have shown that only explicit solvent allows to simulate polymer behavior in a very poor solvent.
II. MODEL AND SIMULATION TECHNIQUE
DPD is a version of coarse-grained molecular dynamics adapted to polymers and mapped onto the classical lattice Flory-Huggins theory. [32] [33] [34] [35] Macromolecules represented in terms of the bead-and-spring model, with particles interacting by a conservative force (repulsion), a dissipative force (friction), and a random force (heat generator). The soft repulsive potential enhances the stability of the numerical scheme for integrating the equations of motion and makes it possible to increase a time step and thus allowing to work with large timescales when complex polymeric structures are studied. It was shown that such a model sufficiently describes the dynamics of polymer melts. 29, 30 Consider an ensemble of particles (beads) obeying Newton's equations of motion
where r i , m i , v i are the coordinate, mass, and velocity of an ith bead, respectively, f i is the force acting upon it. The summation is performed over all other beads within the cut-off radius r c . We shall assume below that all quantities entering Eq. (1) are dimensionless and for simplicity set r c and m i for any i to unity. The first two terms in the sum are conservative forces. F b ij is a spring force describing chain connectivity of beads
where K is a bond stiffness and r 0 is unperturbed bond length. If beads i and j are not connected, then
ij is a soft core repulsion between the ith and jth beads
where a ij is a maximum repulsion between beads i and j attained at r ij = 0. Since F c ij is linear and has no singularity at small distances, a much larger time step than in the standard molecular dynamics can be used.
Other constituents of f i are a random force F r ij and a dissipative force F d ij acting as a heat source and medium friction, respectively, they are taken as dictated by the GrootWarren thermostat. 35 More detailed description of our simulation methodology can be found in Ref. 36 .
It was shown that the DPD method is consistent with both the scaling theory of polymers (e.g., it gives correct relationships between the average radius of gyration of a coil and the number of units in the coil) and the Rouse dynamics. 37, 38 The use of soft volume and bond potentials leads to the fact that the bonds within one chain are formally "phantom," i.e., capable of intersecting in three dimensions. The phantom nature of chains does not affect the equilibrium properties (for example, the chain gyration radius or the phase behavior of the system); moreover, it greatly speeds up the equilibration of the system. However, if studying dynamic properties, such as the diffusion coefficient or features that require explicit consideration of the presence of entanglements between chains it is necessary to introduce some additional forces that forbid the intersection of the bonds. These forces are usually quite cumbersome and considerably slow the computation. Nikunen et al. 40 described a method for turning chains nonphantom in DPD without introducing any additional conditions. Although the particles in DPD are formally point-like, they have an effective excluded volume radius r min due to the presence of repulsive potential at any nonzero value of a ij . Similarly, the existence of a bond potential causes the bond to have a maximum possible length l max . The proposed methodology is based on geometrical considerations: the condition of self-avoiding chains is √ 2r min > l max . In our study, we set a ii = 150, r 0 = 0.5, and k = 150. We checked the intersection of √ 2r ij and l bond histograms, calculated over all monomer units at different regimes of collapse and found that our chain's segments never crossing each other.
In addiction, we tested the case of stiff chain: a ii = 75, r 0 = 0, and k = 150. The only difference appeared to be that the neighboring beads along the chain are located much closer to each other, and thus the additional repulsive interactions between i and i ± 1, 2, . . . units provide effective chain stiffness, with similarity to the so-called tangent hard spheres model. 39 In this case, the chain segments remain nonphantom, too. The resulting chain's persistent length was about 10 monomer units, which is shown in Figure 2 (b) below. The other parameters are: DPD number density ρ = 3; noise parameter σ = 3; integration time step t = 0.04. The chain contour length is equal to approx. 6000 for the flexible chain and 3400 for semiflexible one (in DPD units).
In this study, we used rather long chains with N = 10 4 monomer units. To best of our knowledge, this is the longest single chain in solvent whose coil-to-globule transition was ever simulated in the literature. The initial conformation was a Gaussian coil, prepared by simple random walk in the simulation box. At starting time t = 0, the repulsion between polymer particle and solvent particle becomes a = 30 and the collapse begins. The corresponding Flory-Huggins parameter of polymer-solvent interaction could be calculated using the common expression χ ij = 0.306 * a ij from the work in Ref. 35 and occurs to be χ PS ≈ 9. It should be noted here, that we run simulations with smaller N = 10 3 and smaller a = 10 and 20, but no clear evidence of stable crumple globule was observed for these parameters. To run the simulations, we used a self-made domain-decomposition parallelized DPD code and performed simulations on the MSU supercomputer facilities. 41 The simulation box was 48 × 48 × 48 DPD units and the periodic boundary conditions were switched on. The maximum time we reached is 2 × 10 6 DPD steps, which is at least 100 times more than the coil-to-globule collapse time in our experiment.
To characterize the conformations during the collapse, we calculated squared spatial distance between two monomer units versus chemical distance along the chain R 2 (n) and contact probability of two monomer units to be at a contact in a space p(n). The value R 2 (n) was calculated up to n = N/2 = 5000, and averaged by sliding window over all chain segments. In this paper, we present the plots obtained in one collapse run, but we ran a set of independent tests and in all runs the R 2 (n) and p(n) curves looked very similar. We believe that such a long chain of N = 10 4 units allows us to have good self-averaging characteristics with respects of the properties which are calculated via sliding window approach. Figure 1 shows the representative time set of chain conformations during the collapse from coil to globule. These are the real snapshots from our simulations, but time and space scale between different conformations are not fixed. Note that the semiflexible chain in the initial coil looks more "sparse" because of chain stiffness and there is clear formation of united crystallite in the final globular state. The transition to the globule state may be described through the well-known formation of connected pearls and its condensation into the united globule afterwards. 10, 42 Similar structures observed during the polyelectrolyte collapse, see Ref. 43 as an example of simulation study and the review in Ref. 44 for more information. The main difference is that our pearls are all different in size and are randomly arranged along a chain, while in the case of polyelectrolytes the pearls are roughly regular in size and space. Moreover, the pearls are not thermodynamically stable in our case, while there is more or less stable number of pearls in case of polyelectrolytes in a poor solvent.
III. RESULTS
The easiest way to distinguish a crumpled (or fractal) globule from an equilibrium globule is to observe the scaling of squared spatial distance versus chemical distance R 2 (n) ∼ n α : for a fractal globule α = 2/3 and for a Gaussian globule α = 1 at n < N 2/3 and α = const at n > N 2/3 . Figure 2 presents a set of R 2 (n) curves at different times throughout the collapse. In addition, we add the so-called Moore curve to that plot, which is an example from a class of recursively defined Hilbert space-filling curves and appears to be the simplest realization of a fractal globule model having α = 2/3. We constructed this curve in a similar way as it was done in Ref. 13 . The physical meaning of this plot is very simple: the smaller the spatial distance at particular range of n is, the more compact and crumpled conformation of the corresponding chain segment is.
There is first observation of crumpled blobs formation at times as short as t = 5 × 10 3 , with blob size of 20-40 monomer units. At this time moment chain segments longer than 50 monomer units do not feel the collapse yet, and overall chain conformation remains coil conformation with R 2 (n) ∼ n at n > 50. Some deviation from this slope at n > 1000 is caused by finite simulation box. When we double the collapse time and examine R 2 (n) at t = 1 × 10 4 , we observe the growth of the size of crumpled blobs, up to 100 monomer units, while at larger scales the chain still preserves scaling similar to the Gaussian coil. It is noticeable that at this time initially formed small crumpled blobs of 20-40 monomer units start to relax into more Gaussian-like conformation. That is: R 2 (n < 50) at t = 5 × 10 3 is always smaller than R 2 (n < 50) at t = 1 × 10 4 . Most probably there are two mechanisms behind this process: diffusional relaxation of the blob's crumpled conformation to the equilibrated Gaussian conformation and the increase of pearl volume. The increase of pearl size results in more friendly surrounding of a particular crumpled blob and enables it to spread into larger volume.
At larger times we observe increase of crumpled blobs size, crumpled structure gradually occupies the whole chain. At times 2 × 10 4 < t < 1.6 × 10 5 there is clear evidence of compact crumpled structures at n > 200 units. It results in the effective slope α ≈ 0.38. At the same moment segments shorter than 50 units have Gaussian-like conformation with α close to 1.0. The value n = 50 corresponds well to entanglement length N e = 50 ± 5 which was measured independently for melt of Gaussian chains and our set of parameters. We used the methodology described in Ref. 45 to calculate N e in a melt of chains with length N = 300. This N e value corresponds to the so-called s-coil definition of N e in the equilibrium melt. R(n) ∼ n at n < 50 indicates a fast relaxation of unentangled short segments till the moment they meet entanglements. Within the intermediate region 50 < n < 200 there is some additional flat area, which could be attributed to the equilibration inside previously formed blobs and formation of a set of small Gaussian globules inside a large crumpled globule.
We believe that the main feature of our crumpled state is the Gaussian statistics at small scales. Thus, at larger scales the chain conformation looks even more compact than the fractal globule model: R 2 (n) ∼ n α ∼ n 0.38 at n > N e has the slope much smaller than α ≈ 0.66 predicted by fractal globule model. We note here, that in fact there is no detailed experimental data on R 2 (n) behavior in the literature, available FISH experiments do not provide such information with necessary accuracy. 46 Thus, we believe that our crumpled globule is more relevant to the chromatin organization inside the cell nuclei than idealized fractal globule model.
During further increase of the simulation time we observe smooth transition to the Gaussian-like globule: longer and longer segments gradually transform to Gaussian conformations. Transformation from crumpled into Gaussian structure means segments expansion. This is expressed in the increase of their end-to-end distance and corresponding increase of R(n) function. The same behavior has been recently observed by Schram et al. 13 when they studied relaxation of artificially constructed fractal globule by means of Monte Carlo simulation. Since chain crossing is not allowed in our model, the natural equilibration time of such a long chain is inaccessible long, longer than N 3 = 10 12 steps. Thus, there is no hope to reach this value and we claim that we can reach only preliminary "diffusion equilibration" of the globule, far away from real topology-equilibrated state with knots and slope α = 1.0 up to n = N 2/3 ≈ 460 units. In addition to fully flexible chain, we have studied semiflexible chain with the same polymer-solvent interactions and the same chain length. Figure 2 (b) presents a set of R 2 (n) curves for several time moments during the collapse. At initial phase of the collapse one can see similarity to flexible chain behavior, with crumpled blobs formation and growing. The only difference is the slope for the short segments: R 2 (n) ∼ n 2 at n < 10. This is the effect of chain stiffness and such slope is natural for short rod-like segments. After the united globule is formed at time t = 2 × 10 4 and the relaxation in condensed phase begins, chain stiffness starts to play the main role. Because of the chain stiffness segments are favorable to form liquid-crystal phase inside the dense globule. Thus, R 2 (n) curve finally shows nice oscillations with the period about 100 monomer units. This period corresponds well to the observed size of crystalline globule in Figure 1(h) .
There is no relaxation of such crystalline globule to Gaussian-like conformations at larger timescales. The R 2 (n) scaling is close to α ≈ 0.33. This value is twice smaller than the value proposed for fractal globule model, and it is stable up to maximum available time t = 2 × 10 6 . Such crystalline globule cannot be called metastable crumpled globule, but it is stable single crystallite. Nevertheless, the nature of polymer chain crumples and the nature of crystallite folds are similar and the main feature of compactness of chain conformations at large scales remains valid. Several years ago Strobl 47 speculated that the growth of polymer crystallites included an intermediate metastable phase. According to his idea the crystalline nucleation phenomena and long-living structures in the melt affect a lot the crystallization process. Our study of semiflexible chains collapse partly supports this view, although we deal with single chain crystallization. The metastable crumpled globule state is the corresponding long-living structure in our interpretation. The crystallite structure during the crystallization of long polymer chains (in bulk or from solution) should exhibit some properties of crumpled conformations, similar to studied in this paper. Finally, Figure 3 (a) compares the contact probability p(n) for flexible and semiflexible chains. P(n) was calculated as normalized number of close contacts during relatively short time period after the collapse (2 × 10 4 < t < 1 × 10 5 ). Note that fluctuations are significant for probabilities p < 10 −3 . This indicates that contact probability is not well selfaveraged by single conformation, in contrast to mean squared distance R 2 (n). For flexible chain, one can see that there are two distinct asymptotes. At n < 10 contact probability scales as n −3/2 , which is similar to equilibrium globule properties and much lower than the fractal globule model prediction p(n) ∼ n −1 . At n > 1000 there is power scaling with the slope close to −0.5, which is much larger than the slope for the fractal globule model. There is a smooth crossover between these two regimes, and we believe that this transition is connected with the entanglement length N e and transition from Gaussian blob at small scale (n < N e ) to crumpled blobs at large scale (n > N e ). Black solid line is for the eyes guide and displays the mentioned asymptotes. These asymptotes intersect in a very close vicinity of N e . Schematic picture in Figure 3(b) gives the interpretation of our crumpled globule structure. At a large scale of the whole globule, the conformation is crumpled. At the intermediate scaling around N e value, the conformation consists of many superimposed blobs. At small scales (smaller than N e ), these blobs have Gaussian conformations. We believe that such overlay of several soft and low-density blobs at intermediate scales gives the observed decrease of contact probability slope.
Recently, similar p(n) behavior has been found in mitotic chromosomes. 48 Mitotic chromosomes are observed inside the cells which are prepared for division and whose chromatin is more compact in comparison with general metaphase state. The authors have proposed a special model of a compressed array by consecutive loops of phantom chain. Afterwards authors have fit the loop size to catch scaling law observed in experiments. Our results show that scaling −0.5 occurs automatically at large scales during simple collapse of a nonphantom chain in a poor solvent.
The contact probability for semiflexible chains differs dramatically from the case of flexible chain. In small n values, there is a plateau, indicating that there are rod-like conformations at n < 100. This is in a good agreement with periodicity observed in Figure 2 (b) and gives us the crystallite size in monomer units. But later on we observe scaling which is very close to the fractal globule model, i.e., p(n) ∼ 1/n. At very large n, there are strong fluctuations and actually no clear slope can be selected, but region 100 < n < 1000 clearly demonstrates the fractal globule properties. We believe that the main reason of this is the following: crystallite folds are very dense and nonfluctuating objects, thus there is no overlapping or superimposing of the blobs in semiflexible chain.
IV. DISCUSSION AND CONCLUSIONS
We demonstrate here that metastable crumpled globules are indeed formed during the collapse of long polymer chains in a poor solvent. For this purpose, the solvent has to be sufficiently poor (χ PS > 2) and chain length has to be sufficiently long (N N e ). Resulting crumpled globule is stable in relatively wide time interval and has significant differences from the model of fractal globule. The main difference is that short segments have Gaussian conformations, while at larger scale segments are crumpled, see Figure 3 (b) as an illustration of the proposed crumpled globule structure. The physical explanation of such structure formation is that during the collapse crumpled blobs are formed at all length scales, but small blobs are very unstable and transform fast to Gaussian-like conformations. It happens with the segments with length up to n ≈ N e , where N e value corresponds to entanglement length for a melt of Gaussian chains. Longer segments have relaxation restrictions caused by entanglements. This gives the effective mean squared distance R 2 (n) ∼ n 0.38 at n > N e , for a given chain length of N = 10 4 , which is much smaller than the R 2 (n) = n 0.66 for the model of fractal globule. In general, the R(n) behavior is N-sensitive: it is governed by Gaussian statistics at n < N e and overall globule size R ≈ N 1/3 . This allows us to estimate the effective scaling R 2 (n)
at n > N e , which gives α ≈ 0.4 in our case (N = 10 4 and N e = 50). In the limit N → ∞, this formula is consistent with fractal globule model and gives R 2 (n) ∼ n 2/3 at n > N e . But let us consider more realistic values of DNA length in chromosome which is ≈10 8 base pairs. In addition, we suppose that this DNA is organized into chromatin filament with ≈10 2 base pairs in a repeat unit. 49 Thus, the relevant chain length for DNA in a living cell is N ≈ 10 6 in terms of our model. This gives α ≈ 0.5, which is already remarkably smaller than the fractal globule model value α = 0.66.
Another interesting speculation can be done if we look accurately on Figure 3 at the region of n > 1000. We can see that the contact probability in that region is larger than that for the fractal globule model. This means that starting from the distance n ≈ 1000 the ith and jth units have greater probability to meet each other in comparison with fractal globule model. The value n = 1000 monomer units in our model corresponds to ≈10 6 in DNA base pairs, which correlates very well with the average distance of 1 Mbs = 10 6 base pairs between enhancer and promoter in the DNA. 1 Thus, the crumpled globule structure described in this paper probably is the natural way to increase the contact probability of enhancer and promoter and this is one of the ways to provide fast gene transcription in a living organism.
In case of some additional processes inside the globule, such as the liquid-crystallization process caused by chain stiffness, the crumpled structure at n > N e is stable and never transforms to Gaussian-like conformations. The contact probability for such crystalline globule p(n) ∼ 1/n, which is well consistent with the fractal globule model. Mean squared distance scales as R 2 (n) ∼ n 2 at n < N e and R 2 (n) ∼ n 0.33 at n > N e .
The globule size R(N) ∼ N 1/3 ≈ 21 is considerably smaller than N e = 50. Thus, the rod-like segments traverse the whole globule and we observe only single crystallite, rather than a set of several crystallites. Probably in larger system the crystallite size will be limited by N e value, while the conformational movements at n > N e are kinetically suppressed by the entanglements. But the chain length should be at least 10 times larger to study this subject. We note here, that there is some analogy with single chain crumpling and polymer crystallization: both processes deal with formation of nonequilibrium, but kinetically stable states. Moreover, the crumpling itself is the formation of chain folds, which is in some sense the same as polymer crystallization.
